In order to meet its cutting-edge scientific objectives, the Square Kilometre Array (SKA) telescope requires highprecision frequency references to be distributed to each of its antennas. The frequency references are distributed via fiber-optic links and must be actively stabilized to compensate for phase-noise imposed on the signals by environmental perturbations on the links. SKA engineering requirements demand that any proposed frequency reference distribution system be proved in "astronomical verification" tests. We present results of the astronomical verification of a stabilized frequency reference transfer system proposed for SKA-mid. The dual-receiver architecture of the Australia Telescope Compact Array was exploited to subtract the phase-noise of the sky signal from the data, allowing the phase-noise of observations performed using a standard frequency reference, as well as the stabilized frequency reference transfer system transmitting over 77 km of fiber-optic cable, to be directly compared. Results are presented for the fractional frequency stability and phase-drift of the stabilized frequency reference transfer system for celestial calibrator observations at 5 GHz and 25 GHz. These observations plus additional laboratory results for the transferred signal stability over a 166 km metropolitan fiber-optic link are used to show that the stabilized transfer system under test exceeds all SKA phase-stability requirements under a broad range of observing conditions. Furthermore, we have shown that alternative reference dissemination systems that use multiple synthesizers to supply reference signals to sub-sections of an array may limit the imaging capability of the telescope.
INTRODUCTION
The Square Kilometre Array (SKA) project (Dewdney 2015) is an international initiative to build the largest and most capable radio telescope ever constructed. Construction of the SKA has been divided into phases, with the first phase (SKA1) accounting for the first 10% of the telescope's receiving capacity. During SKA1, a low-frequency aperture array (SKA1-low) will be constructed in Western Australia, while a dish-array of 197 antennas (SKA1-mid), incorporating the 64 dishes of MeerKAT, will be constructed in South Africa.
Radio telescope arrays such as the SKA require phasecoherent frequency reference signals to be transmitted to each of the antennas in the array. In the case of the SKA, the frequency references will be generated at a central site and transmitted to the antenna sites via fiber-optic cables. Environmental influences affect the optical path length of the fiber and act to degrade the phase stability of the frequency references received at the antennas, which has the ultimate effect of reducing the fidelity and dynamic range of the data (Cliche & Shillue 2006) . To improve the phase-coherence of the array, the SKA will employ stabilized frequency transfer systems to suppress the fiber-optic link noise (Grainge et al. 2017) . Reference frequency stabilization systems have been successfully used on other radio telescope arrays such as the Very Large Array (Thompson et al. 1980 ), e-Merlin in the UK (Garrington et al. 2004) , the Australia Telescope Compact Array (ATCA) (Hancock et al. 2011 ) and the Atacama Large Millimetre Array (ALMA) (Cliche & Shillue 2006; Shillue et al. 2004 ). The existing SKA precursor telescopes including the Murchison Widefield Array (Tingay et al. 2013; Lonsdale et al. 2009 ), the Australian SKA Pathfinder (Beresford 2008; Hotan et al. 2014) , and MeerKAT (Julie & Abbott 2017) currently employ passive frequency reference dissemination systems that provide adequate phase stability over the relatively short transmission distances required by these telescopes.
There are three SKA systems requirements that apply to the phase-noise performance of the frequency transfer system (Turner 2015) . The frequency transfer system must provide a maximum coherence loss of 2% over the correlator integration time (1 s) and over the the inbeam calibration time (60 s) for observing frequencies up to 13.8 GHz. Of this 2% coherence loss budget, 1.9% is allocated to the stabilized frequency reference transfer system. In addition, the frequency reference must have a phase drift of less than 1 rad over a 10-minute period, to ensure that there is no ambiguity in the phase solution during array calibration measurements either side of an observation of up to 10 minutes.
Researchers at the University of Western Australia (UWA) have led the development of a stabilized frequency transfer system proposed for SKA1-mid (Schediwy et al. 2017 ). This has been tested extensively using standard metrology techniques in a laboratory setting, with signals transmitted over metropolitan fiber links. Laboratory and field testing of an alternative stabilized frequency transfer system for the SKA has also been reported previously (Gao et al. 2016; Wang et al. 2015) and other research groups have developed similar systems with a view to supporting the SKA and other VLBI applications (He et al. 2013; Baldwin et al. 2016 ). However, SKA technology down-select requirements demand a process of "astronomical verification" in which the proposed frequency transfer system is shown to meet the stability requirements under observing conditions on an operational radio telescope. In this paper, we present results of astronomical verification of the UWA SKA1-mid stabilized frequency transfer prototype and show that the system exceeds SKA phase stability requirements under a wide range of observing conditions.
EXPERIMENTAL DESIGN

Extracting the reference signal phase stability
The astronomical verification observations were performed using the ATCA. The ATCA's dual-receiver chain architecture permitted analyses that would not have been possible to conduct with single-receiver telescope arrays. As shown in Figure 1 , immediately following the feed horn and the first low-noise amplifier (LNA), the sky signal, for both polarizations, is split into two separate, but functionally identical, receiver chains (referred to here as 'chain-1' and 'chain-2'). The sky signals are then down-converted by mixing them with separate frequency reference signals, Frequency Reference 1 and Frequency Reference 2. These are normally supplied by two separate microwave frequency synthesizers located in the observatory's correlator room. The two frequency references are transmitted up to 4.5 km to the antennas through parallel fiber cores in buried conduit using a pair of electronic-to-optical transmitters (E/Os). The transmitted references are detected at the antennas by optical-to-electronic (O/E) receivers (two in each antenna) that feed the signals to a pair of yttrium-iron-garnet (YIG) oscillators operating in a phase-locked-loop. The YIG oscillators act as clean-up oscillators to suppress high-frequency phase noise. The down-converted sky signals are digitized by analogueto-digital converters (ADCs) that feed to two separate correlators, one for each receiver chain, in the correlator room. Figure 1 . Schematic of the reference frequency distribution setup for astronomical verification at the ATCA. Three antennas are shown for reference. Antenna 3 shows the modification made to antennas 1 and 3 to enable comparative measurements of the two frequency references to be made. Baselines with antennas 1 or 3 using correlator 2 are 'mixed' reference baselines. Tx, stabilized frequency transfer system transmitter unit; Rx, stabilized frequency transfer system receiver unit; RF shift, IQ-mixer producing carrier-supressed single-sideband modulation; E/O, electronic-to-optical transmitter; O/E, optical-to-electronic receiver; YIG, yttrium-iron-garnet clean-up oscillator; LNA, low-noise amplifier; Mix, microwave signal mixer; and ADC, analogue-to-digital converter.
The advantage of this configuration for astronomical verification tests is that Frequency Reference 1 can be supplied by the ATCA's conventional reference signal distribution system, while Frequency Reference 2 is supplied by the stabilized frequency reference transfer system under test (as shown in Figure 1 ). Since the two receiver chains in the antennas detect the same sky signal, any differences in the phase solution of these signals between the two receiver chains for a given telescope baseline can be attributed to non-common phase noise produced in the separate frequency reference dissemination systems. For example, the phase solution for the chain-1 baseline between two antennas i and j (φ ij.1 (t)) is
where φ R (t) is the phase of the Frequency Reference as a function of time (t) and φ S (t) is the phase of the sky signal at a particular antenna receiver. The term φ E (t) represents the phase-noise contributed by components in the ATCA reference frequency distribution system, including the E/O/E systems, differential fiber-link noise, and noise from the YIG oscillator. The corresponding phase solution for the chain-2 baseline between antennas i and j (φ ij.2 (t)) is
In the configuration depicted in Figure 1 , any additional phase-noise contributed by the stabilized frequency transfer system (Frequency Reference 2) is common to all of the down-converted signals from the chain-2 mixer outputs. Therefore, the chain-2 baseline phase solutions do not exhibit additional phase-noise compared with the simultaneous phase solution for the same physical baseline using chain-1 (as shown by equations 1 and 2).
To remedy this, the outputs of the chain-1 mixers in antennas 1 and 3 were split using microwave power splitters in the antennas, and fed to both the chain-1 and chain-2 ADCs. This was done for both the Aand B-polarisations (for clarity, only one polarization is shown in Figure 1 ). As a result, the outputs of the chain-2 ADCs on antennas 1 and 3 did not incorporate the phase-noise contributed by the stabilized frequency transfer system and the chain-2 E/O system. The phase solution φ ij.2 (t) (where antenna i is either antenna 1 or 3) then becomes:
By subtracting the chain-1 phase solution from the chain-2 phase solution, for baselines that included antennas 1 or 3, the differential phase-noise between the two frequency references could be measured. Hereafter, chain-2 baselines that incorporate antenna 1 or antenna 3 will be referred to as 'mixed' baselines (because they operate using a 'mix' of two different frequency references). Baselines operating in the conventional manner will be referred to as 'unmixed' baselines. The resulting phase difference between the phase solutions for the unmixed and mixed baselines is then:
This means that, not only can a direct comparison be made of the array performance under the two different frequency transfer systems, but the phase of the sky signal has been subtracted out, and so the relative stability of the frequency references (with non-common phase-noise contributions from some telescope systems) can be measured directly.
To avoid the contribution of the relative phase drift between two synthesizers, a single microwave synthesizer (Agilent E8257D) was used to supply both Frequency Reference 1 and the UWA stabilized frequency transfer prototype (which supplies Frequency Reference 2). So, the phase of Frequency Reference 2 is
where φ U W A (t) is the phase of the UWA stabilized frequency transfer prototype. The phase difference becomes:
Therefore the phase stability of the UWA stabilized frequency transfer prototype can be measured, however, with some contamination (φ E2.j (t) − φ E1.j (t)) from the standard ATCA frequency reference distribution systems. Because the ATCA receiver chains and frequency reference distribution systems use identical components, and the fiber links from the correlator room to the antennas run through the same buried cables, we assume that the contributions of these components to the phase differences are small and the differences are dominated by phase-noise contributed by the stabilized frequency transfer system.
Experimental setup
The astronomical source used to make the measurement observations was a calibrator labelled 1057-797, at a declination of close to −80
• , which is isolated in the sky and always above the ATCA horizon, enabling long uninterrupted array phase measurements. The frequency reference signal was transmitted at 8.00 GHz because this is the nominal frequency of UWA's SKA1-mid stabilized frequency transfer system. Given the specific design of the ATCA's receiver architecture (ATNF 2016) , this enabled observations across two separate frequency bands, with centre observing frequencies of 4.96 GHz and 25.44 GHz and a bandwidth of 2048 MHz. The lower observing frequency is representative of SKA1-mid's operational observing range of 0.35 GHz to 13.8 GHz (Dewdney 2015) , while the higher observing frequency demonstrates the performance of the stabilized frequency transfer system under more demanding observing conditions than SKA1-mid will encounter.
The transmitter unit (Tx) of the UWA SKA1-mid stabilized frequency transfer prototype was installed in the ATCA correlator room. In order for Frequency Reference 1 and Frequency Reference 2 to both supply 8.00 GHz while using only one microwave synthesizer, the synthesizer was set to supply 7.96 GHz which the servo system of the stabilized frequency transfer prototype shifted up to 8.00 GHz to supply Frequency Reference 2. An electronic IQ-mixer (Marki IQ0741LXP), set to produce carrier-supressed single-sideband modulation at 40 MHz, was used to shift the synthesizer signal to 8.00 GHz to supply Frequency Reference 1. Laboratory measurements of the intrinsic stability of the IQ-mixer frequency shift show that it is better than the stability of the stabilized frequency transfer system by an order of magnitude, so did not make a significant contribution to the measured phase-noise.
The Tx and the receiver unit (Rx) were co-located in the correlator room as shown in Figure 1 . The signal transmitted by the stabilized frequency transfer prototype was sent over 52 km of buried fiber-optic cable and a further 25 km spool of fiber in the correlator room, producing a total link length of 77 km. The 52 km fiber link consisted of two 26 km fiber cores that ran off-site, under and along local roadways and a bridge (through a variety of moderate-to-high shrink-swell soil types), to a telecommunications controlled environment vault at Springbrook Creek (located along the Newell Highway, approximately 17.5 km south-east of the observatory and 16.3 km south-west of Narrabri). A short fiber patch was used to connect the two cores in the vault, creating a 52 km loop. A bi-directional erbium-doped fiber amplifier (IDIL Fibres Optiques) was required to compensate for the optical power loss of the 77 km link.
In addition, measurements were made to assess the effect of phase drift between two microwave synthesizers. One supplied the standard ATCA frequency distribution system with 8.00 GHz and the second supplied the stabilized frequency distribution system with 7.96 GHz. Both synthesizers were referenced to the observatory's hydrogen masers. Observations were performed over several days in May and June 2016 during scheduled ATCA maintenance periods. Table 1 summarizes the measurements that will be discussed in this paper. Due to maintenance requirements, the number of antennas available at different times varied.
The logging rate was limited by the data volume limitation of the correlator and it was not possible to perform overnight observations with a logging period shorter than five seconds. A shorter observation of only two hours was performed with a logging period of one second in order to obtain array phase stability measurements at shorter integration times.
RESULTS
Phase solutions and phase differences were produced for all mixed and unmixed baselines for each of the measurements summarized in Table 1 . An example of the phase solutions and phase differences for a single polarization for three baselines of different lengths from observations conducted on 21st June 2016 is shown in Figure 2 . The blue traces represent the unmixed baselines (using the conventional ATCA reference distribution) while the green traces represent the same physical baselines using the mixed references. The corresponding phase differences are shown to the right of the figure. At the commencement of the observations, the delay errors for each antenna were measured by the correlator while observing the calibrator source, and corrected for (residual delay errors were typically less than 0.1 nanoseconds). We also added phase offsets to produce a zero phase for each baseline at the beginning of the observation. No further delay or phase calibration was made while the array was observing.
All post-observation data reduction was performed with the Miriad software package (Sault et al. 1995) . First, we performed a bandpass calibration with the Miriad task mfcal, while solving for time-varying gains every 30 seconds. The resultant bandpass solutions (examples of which are shown in Figure 3) were then subtracted from the entire dataset (we assume that they stay constant with time). We then used the task gpcal to solve for time-variable complex gains every cycle, which is possible due to the brightness of the calibrator source. This was used to produce the phase solutions (like those shown in Figure 2 ) that reveal how the measured phases changed over the duration of the observation.
The phase solutions and phase differences were processed to produce plots of absolute frequency stability. Figure 4 shows the absolute stabilities for the three baselines used as examples in Figure 2 as well as the phase difference stability of an unmixed (conventionally referenced) baseline for comparison. Absolute frequency stability values are obtained by multiplying the Allan deviation computed for the signal by the frequency of the signal. Values in terms of absolute frequency stability are necessary to directly compare the stability of signals of different frequencies and allows the noise contributions of different parts of the interferometer and frequency reference systems to be assessed more easily. Figure 4 shows the absolute stability plots for the traces shown in Figure 2 , as well as for the 25 GHz measurements from 22nd June 2016 (using the same example baselines).
The process was repeated for the one-second logged daytime run from 22nd June 2016 and the resulting absolute frequency stabilities are shown in Figure 5 . The one-second logging period of this measurement allows the stability values to be calculated at integration times down to one second but, due to the relatively short time span of the observations, stability data are limited to integration times shorter than 1,024 s.
To assess the performance of the system with respect to the 10 minute phase drift requirement, the phase drifts between the mixed and un-mixed baselines for each 10 minute interval in all 42 hours of stabilized observations (Table 1, The synthesizer comparison test (Table 1, 26th May 2016) exhibits large phase drifts between the mixed and unmixed baselines, an example of which is shown in Figure 7 . This relative phase drift between the two synthesizers significantly affected the stability of the baseline phase solutions and phase differences. Figure 8 shows the resulting absolute frequency stabilities for three example mixed baselines plus an unmixed baseline for comparison.
4. DISCUSSION
Stability analysis
Each of the example stability plots in Figures 4 and 5 show three traces for the stability of the phase difference between the mixed and unmixed baselines, one each for the short (pink trace), intermediate (orange trace), and long (purple trace) baselines. As expected, the three curves lie on top of each other because they are the result of effectively subtracting-out the phase of the sky signal. The remaining phase-noise is due to the reference distribution systems and non-common elements of the receiver chains. The frequency transfer systems (UWA stabilized transfer system plus ATCA distribution system electronics) are the dominant source of differential noise and, because that noise is common to all chain-2 frequency references, the frequency stability curves for the different baselines are almost identical. Panels (d), (e) and (f) in Figure 2 show that the phase differences have some remaining baseline dependence, with the total phase drift increasing with increasing baseline length. This may be due to differential noise on the fiber links between the correlator room and the antennas as well as residual atmospheric effects. Figure 9 shows the output of the ATCA seeing monitor (Middelberg et al. 2006; Indermuehle & Burton 2014) for the time period corresponding to the example observations from 21st June 2016, overlaid with the phase differences for the 4439 m baseline from this observation (Figure 2, panel (f) ). The data from the seeing monitor show that the atmospheric path length noise is greater during the periods when there is a noticeable increase in the rate of phase drift.
The difference between the stabilities of the phase differences for the mixed (pink, orange and purple traces in Figures. 4 and 5 ) and unmixed baselines (black traces in Figures. 4 and 5 ) is due to noise contributed by both the stabilized frequency transfer system and parts of the ATCA frequency distribution system and receiver chains. While the stabilized frequency transfer system is assumed to be the dominant source of the extra phase noise, the following analysis shows that phase noise contributed by the ATCA systems account for a significant fraction of the difference between the mixed and unmixed baseline phase difference stabilities. The mixed baseline phase difference stabilities compared to the integration time (τ ) follow a power law with a gradient that is close to τ −1 up to integration times of around 40 s. The phase difference stabilities for the baseline between antennas 1 and 3 (comparing an unmixed baseline with an unmixed baseline, black traces in Figures. 4 and 5) also exhibit this power law out to longer integration times, indicating that some of this extra noise does not originate with the stabilized frequency transfer system (Schediwy & Gozzard 2016) . This power law is a signature of white-and/or flicker-phase noise and is most likely due to noise introduced by amplifiers outside of the stabilized frequency transfer system (Thompson et al. 2007 ). Measurements of the relative phase drift between the two E/O systems, conducted separately to the main observations, indicated that the 'bump' feature in the phase difference stabilities between τ = 40 s and τ = 640 s is due to phase-noise in the E/O systems (Schediwy & Gozzard 2016 ). This noise is not normally obvious during conventional observations because there is no cross-correlation between signals from chain-1 and chain-2.
Extrapolation to SKA1
With the main contributions to the residual differences between the stability of the phase differences for mixed and unmixed baselines accounted for, the measured absolute frequency stabilities are in good agreement with values expected from laboratory measurements of the stabilized frequency transfer system (Schediwy et al. 2017 ). This provides confidence that standard metrology measurement techniques are adequate to reliably demonstrate the stability of the stabilized frequency transfer system for SKA verification purposes. The stability of the transmission over 166 km of buried conduit fiber-optic cable around Perth, Western Australia (Figure 10 ), has been measured previously using a Microsemi 5125A Phase Noise Test Set. The Allan deviation values for the signal stability over the 166 km link were extrapolated to obtain a prediction for the performance of the stabilized transfer system over a single 173 km span (the longest SKA1 fiber link length). This was achieved by multiplying the measured Allan deviation values by (L2/L1) 3/2 (Williams et al. 2008 ), where L1 is the length of the test link (166 km) and L2 is the length of the link for which the prediction is being made (173 km). These predicted Allan deviation values were then multiplied by a factor of √ 2 to give a prediction of the Allan deviation between two stabilization system receiver units at the ends of two separate 173 km links (assuming that deviations in the two signals are uncorrelated). By assuming that the dominant noise process of the stabilized frequency reference is white phase noise (as indicated by the approximately τ −1 slope of the Allan deviation measurement), an estimate of the coherence loss can be calculated using the process described by Rogers & Moran (1981) and Thompson et al. (2007) . Using this process, an upper limit was calculated for the permissible Allan deviation of the frequency transfer system corresponding to the 1.9% coherence loss requirement for a maximum observing frequency of 13.8 GHz. This Allan deviation is 3.91 × 10 −12 /τ and is shown in Figure 10 (pink line). The measured and predicted stability of the stabilized frequency transfer system is well below this limit at all integration times.
Applying the same coherence calculations directly to the measured Allan deviation, the coherence losses resulting from the extrapolated Allan deviation values for a maximum observing frequency of 13.8 GHz are 7.41 × 10 −6 at one second integration time and 7.96 × 10 −5 at 60 seconds integration time. These values exceed the 1.9% coherence loss requirement by a factor 2560 and 239 respectively.
An alternative method of estimating coherence loss from Allan deviation was used by members of the ALMA project (Yamada et al. 2006; Kiuchi 2005; Kawaguchi 1983) . Using this method we calculate coherence losses of 4.4 × 10 −6 at one second integration time and 1.6 × 10 −5 at 60 seconds integration time. These values exceed the 1.9% requirement by factors of 4320 and 1190 respectively.
Dual-synthesizer test analysis
The large phase drift in the results from 26th May 2016 (green trace, Figure 7) is dominated by the phase drift between the two synthesizers used as frequency ref- erences. In order for a synthesizer to maintain its output frequency relative to a 10 MHz reference, it must change the phase of its output signal as its internal temperature changes in response to variations in ambient temperature. The large drifts were not seen when only one synthesizer was used with the IQ-mixer frequency shift. Figure 8 shows that the phase-noise of the two-synthesizers even dominates the phase-noise of the sky signals caused by the atmosphere on baselines up to around 200 m in length at observing frequencies around 5 GHz. This is not an issue in normal observations because interferometers such as the ATCA do not operate in configurations where multiple synthesizers are used to provide frequency references to different antennas or sub-arrays. However, any system that uses multiple remote synthesizers may encounter such a synthesiser phase drift issue despite the transmission frequency being successfully stabilized. This is a critical consideration for the design of stabilized time and frequency reference systems planned for the SKA.
CONCLUSIONS
We have used the dual-receiver architecture of the ATCA to perform astronomical verification tests of a stabilized frequency transfer system proposed for the SKA, as well as to assess the effects of using multiple microwave frequency synthesizers to supply frequency references to different telescope antennas or sub-arrays. The results of these astronomical verification trials show that the stabilized frequency transfer prototype exceeds the SKA level-1 coherence and phase drift requirements under a broad range of observing conditions. Extrapolating the system's performance from laboratory measurements over a link of 166 km to SKA operating conditions predicts that, even for a worst-case scenario, this stabilized frequency transfer system will exceed the 1 s coherence requirement by three orders of magnitude, and the 60 s coherence requirement by two orders of magnitude. Over the 77 km link used in these tests, the 10 minute phase drift never exceeded 0.56 rad and all drifts within one standard deviation of the mean had a magnitude less than 0.08 rad. However, the 10 minute phase drift is dependent on both systematic and random phase fluctuations, so it is not known how the magnitude of the phase drifts will scale with increasing link length. Also, unlike for the Allan deviation results, it was not possible to determine, from the data obtained, how much of the observed phase drift was due to the stabilized frequency transfer system, and how much can be attributed to other systems, such as the E/O systems. For this reason, bench tests in the laboratory are Figure 9 . Output of the ATCA seeing monitor (black line) overlaid with the phase differences for the 4439 m baseline from the 4.96 GHz overnight observation from 21st June 2016 (purple trace, copy of Fig. 2 panel (f) ). Increases in atmospheric path length noise shown by the seeing monitor correspond with increases in the rate of phase drift. Figure 10 . Allan deviation of the stabilized frequency transfer system over 166 km of buried conduit fiber around Perth, Western Australia (black diamonds), and extrapolated to two links of 173 km (red circles). Allan deviation limit corresponding to SKA 1 s and 60 s coherence requirements (assuming white phase noise) represented by pink line. a better method for validating the stabilized transfer system against this SKA systems requirement. Despite this, these results are a strong indication that this stabilized frequency transfer system is capable of exceeding the 10-minute phase drift requirement.
These tests have also highlighted potential problems with the use of multiple synthesizers to provide phase coherent signals to separate antennas, even when the reference frequencies to those synthesizers have been successfully phase-stabilized. Care must be taken to ensure that alternative stabilized frequency reference transfer systems being considered for the SKA do not suffer from phase drift to the extent that it is a detriment to the performance of the telescope. Synthesizer phase-drift rates such as those seen in these tests would reduce the sensitivity of the array and, under some conditions, limit the imaging capability.
